Effect of grain orientation and coating on thermal fatigue resistance of a directionally solidified superalloy (MAR-M 247) by Dreshfield, R. L. et al.
NASA Technical Memorandum 79129 
EFFECT OF GRAIN ORIENTATION AND 
COATING ON THERMAL FATIGUE 
RESISTANCE OF A DIRECTIONALLY 
SOLIDIFIED SUPERALLOY (MAR-M 247) - -_a - . A  
( N A S A - T n - 7 9 1 2 9 )  EFFECT O F  GRAIN ORIENTATION N79- 22565 
AND C O A T I N G  ON TBERHAL F A T I G U E  R E S I S T A N C E  OF 
A D I R E C T I O N A L L Y  SOLIDIFIED S U P E R A L L O Y  (HAR-PI 
i 
I 247) ( N A S A )  24 p EC A 0 2 / U P  A01 CSCL 2 0 K  Unclas 
63/39 24009 
P. T. Bizon, R. L. Dreshfield, and 
F. D. Calfo 
Lewis Research Center 
Cleveland, Ohio 
April 1979 
https://ntrs.nasa.gov/search.jsp?R=19790014394 2020-03-21T23:44:09+00:00Z
PAGE 1 
Directiona L l y  s o l i d i t  l e d  (DS) n i c k e l - b a s e  s u p e r a l l o y s  
a r e  b e i n g  c o n s i d e r e d  f o r  u s e  or are b e i n g  u s e d  for g a s  
t u r b i n e  a i r f o i l s  b y  s e v e r a l  a i r c r a f t  e n g i n e  m a n u f a c t u r e r s  
Amoag t h e  p r o p e r t i e s  i m p r o v e d  by d i r e c t i o n a l  s o l i d i f i c a t i o n  
is r e s i s t a n c e  t o  thermal f a t i g u e . .  A p r i m a r y  p u r p o s e  of t h i s  
i n v e s t i g a t i o n ,  was t o  d e t e r m i n e  t h e  effect  of o f f - a x i s  g r a i n  
g r o w t h  o n  t h e  t h e r u a l  f a t i g u e  r e s i s t a n c e  of u n c o a t e d  a n d  
a l u m i n i d e  c o a t e d  DS nar-M 2U7, DS nar-t4 2 4 7  w e d g e - s h a p e d  
a n d  r o u n d  c r o s s - s e c t i o n  t es t  ba r s  were grown by t h e  
exothermic  p r o c e s s  s u c h  t h a t  t h e  groijth a x i s  a n d  (100) 
c r y s t a l l o g r a p h i c  d i r e c t i o n  were e s s e n t i a l l y  p d r a l l e l ,  o r  a t  
a 7i0, 150 ,  or 30° a n g l e  t o  t h e  l o n g i t u d i n a l  a x i s  ( l e h d i n g  
e d g e )  o f  t h e  t e s t  bar ,  DS a n d  c o n v e n t i o n a l l y  c a s t  ( r a n d 0 8  
p o l y c r y s t a l l i n e )  wedge  b a r s  w h i c h  were b o t h  u n c o a t e d  a n d  
$ coated were c y c l e d  i n  a b u r n e r  r i g  b e t w e e n  1070O C a n d  room 
t e m p e r a t u r e  a n d  p e r i o d i c a l l y  e x a i a i n e d  for i n i t a t i o n  of 
c r a c k i n g .  The  r o u n d  c r o s s - s e c t i o n  b a r s  nere ased to perform 
t e n s i l e  tests a t  room t e m p e r a t u r e  a n d  760° C a s  well as 
s t r e s s - r u p t u r e  t e s t s  (760O C a t  724 MPa a n d  982O C a t  2 0 7  
HPa) o n  t h e  same h e a t  of t h e  material .  
I t  was o b s e r v e d  t h a t  a s  t h e  a n g l e  b e t w e e n  t h e  s p e c i m e n  
l o n g i t u d i n a l  a x i s  a n d  g r o w t h  a x i s  i n c r e a s e d ,  t h e  cycles to 
i n i t i a t e  c r a c k i n g  d e c r e a s e d  f o r  b o t h  u n c o a t e d  a n d  c o a t e d  
bars. For e x a m p l e ,  t h e  t h e - m a l  f a t i g u e  life for t h e  
u n c o a t e d  material was e i g h t  times g r e a t e r  when t h e  s p e c i m e n  
l o n g i t u d i n a l  a x i s  a n d  g r o w t n  a x i s  coir ic ided a s  c o m p a r e d  to 
t h e  l i f e  when t h e  a x e s  d i f f e r e d  b y  300 .  Coated bars  a l w a y s  
p r o v i d e d  a g r e a t e r  l i f e  ( a b o u t  50 cyc le s  f o r  t h e  DS 
c o n d i t i o n s  s t u d i e d )  t o  i n i t i a t e  c r a c k i n g  t h a n  e q u i v a l e n t  
u n c o a t e d  bars.  It was a l s c  n o t e d  t h a t  the i n i t i a l  c r acks  
were t r a n s g r a n u l a r .  This s u g g e s t s  t h a t  t h e  i n c r e a s e  i n  
elastic m o d u l u s ,  a s  t h e  m i s o r i e n t a t i o n  r e l a t i v e  t o  (100) 
i n c r e a s e d ,  is more i m p o r t a n t  t h a n  t h e  i n t e r s e c t i o n  of  DS 
g r a i n  b o u n d a r i e s  w i t h  t h e  l p a d i n g  edge of the s p e c i m e n .  
Thermal f a t i g u e  c r a c k i n g  of a mater ia l  r e s u l t s  from 
c y c l i c  t e m p e r a t u r e  c h a n g e s  w h i c h  i n d u c e  cycl ic  s t r a i n s .  
Thermal  f a t i c u e  r e s i s t a n c r  i s  a major c r i t e r i a  f o r  materials 
s e l e c t i o n  fol c o m p o n e n t s  s u b j e c t e d  t o  f l u c t u a t i n g  
t e m p e r a t u r e s .  As a n  example, t h e r m a l  f a t i g u e  c r a c k i n g  is  
current ly  a common f a i l u r e  mo?s o f  a i r c r a f t  e n g i n e  f i r s t  
s t a g e  t u r t i n e  a i r f o i l s  (ref. 1 ) .  
Aircrdft. gas t u r b i n e  a i r f o i l s  f a b r i c a t e d  from 
d i r e c t i o n a l l y  s q l i d i f i e d  ( 3 s )  n i c k e l - b a s e  s u p e r a l l o y s  a r e  
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b e i n g  used or c o n s i d e r e d  for u s e  by s e v e r a l  e n g i n e  
m a n u f a c t u r e r s .  The thermal f a t i g u e  r e s i s t a n c e  of 
n i c k e l - b a s e  s u p e r ' i l l o y s  c a n  be i m p r o v e d  b y  d i r e c t i o n a l  
s o l i d i f i c a t i o n  (ref. 21 - DS a i r f o i l s  ere n o r l a d l l y  u s e d  w i t h  
t h e  (100) c r y s t a l l o g r a p h i c  d i r e c t i o n  e s s e n t i a l l y  p a r a l l e l  t o  
t h e  r a d i a l  a x i s  of t h e  a i r f o i l .  Thus, t h e  a n g l e  b e t w e e n  t h e  
l e a d i n g  a n d  t r a i l i n g  e d g e s  of t h e  a i r f o i l  a n d  g r a i n  b o u n d a r y  
is  t y p i c a l l y  l i m i t e d  t o  a small a n g l e &  
The o b j e c t i v e  of this s t u d y  wds t o  i n v e s t i g a t e  t h e  
effect  of o f f - a x i s  g r o w t h  a n d  c o a t i n g  o n  t h e r m a l  f a t i g u e  
r e s i s t a n c e .  A s e c o n d a r y  o b j e c t i v e  was t o  a t t e n p t  t o  
correlate  s h o r t  time m e c h a n i c a l  p r o p e r t i e s  w i t h  m e a s u r e d  
thermal  f a t i g u e  r e s i s t a n c e ,  
Wedge s p e c i m e n s  ( p r i s m a t i c  ba r s  w i t h  s i n g l e - w e d g e  cross 
s e c t i o n )  of H a r - H  247 a l l o y  were cast both c o n v e n t i o n a l l y  
a n d  d i r e c t i o n a l l y  s o l i d i f i e d .  T h e  DS w e d g e s  were grown  b y  
t h e  e x o t h e r m i c  p r o c e s s  s u c h  t h a t  the g r o w t h  a x i s  a n d  (100) 
c r y s t a l l o g r a p h i c  d i r e c t i o n  ( c o i n c i d e n t  u i t h  t h e  s p e c i m e n  
l e a d i n g  e d g e )  were e s s e n t i a l l y  p a r a l l e l  (001, or a t  a T i 0 #  
153, or 30° a n g l e  t o  t h e  a x i s  of t h e  test  bar. Bars were 
e v a l u a t e d  e i t he r  u n c o a t e d  o r  coated v i t h  a ch romium e n r i c h e d  
p a c k  a l u m i n i d e ,  The t he rma l  f a t i g u e  tes ts  were c o n d u c t e d  a t  
t h e  L e w i s  Research C e n t e r  i n  a Mach 1 b u r n e r  f a c i l i t y  u s i n g  
jet  f u e l .  T h e  b a r s  were c y c l e d  so t h a t  metal t e m p e r a t u r e s  
of 10700 C a n d  room t e m p e r a t u r e  were o b t a i n e d .  C y c l i c  
h e a t i n g  a n d  cooliiiy times were 2 m i n u t e s  each. I n  a d d i t i o n ,  
l i m i t e d  room t e m p e r a t u r e  a n d  760° C t e n s i l e  a s  v e l 1  a s  
s t r e s s - r u p t u r e  ( 7 6 0 O  C a t  724 MPa a n d  982O C a t  207 HPa) 
t c s t s  uere p e r f o r m e d  on  u n c o a t e d  s p e c i m e n s  ca s t  by t h e  same 
procedures  from t h e  same hea t  as  t h e  t h e r m a l  f a t i g u e  tes t  
bars.  
MATERIALS 
A l l o y  
T h e  u l l o y  used i n  t h i s  i n v e s t i g a t i o n  was t h e  
n i c k e l - b a s e  s u p e r a l l o y  d e s i g n a t e d  Mar-M 247. T a b l e  I g i v e s  
t h e  c o m p o s i t i o n  of t h e  master h e a t  of  t h i s  a l l o y  from w h i c h  
t h e  tes t  s p e c i m e n s  were cas t ,  A l l  e l e m e n t s  were w i t h i n  t h e  
n o r m a l  s p e c i f i c a t i o n  r a n g e  f a r  t h i s  a l l o y  e x c e p t  chromium. 
T h e  ch romium c o m p o s i t i o n  was 7.75% ( s p e c i f i c a t i o n  minimum is  
8.0%). I t  was b e l i e v e d  t h a t  t h i s  v a r i a t i o n  w o u l d  n o t  Effect 
t h e  r e s u l t s  of t h i s  program.  T e n s i l e  a n d  r u p t u r e  p r o p e r t i e s  
of t h e  master h e a t  m a t e r i a l  a r e  a l s o  g i v e n  i n  t a b l e  I, 
These r e s u l t s  e x c e e d  t h e  n o m i n a l  v a l u e s  (as g i v e n  i n  refi, 3) 
for t h i s  a l l o y .  
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T e s t  S p e c i m e n s  
B o t h  wedge a n d  r o u n d  c r o s s - s e c t i o n  test bars were 
c a s t - t o - s i z e  from t h e  a l l oy  h e a t  by J e t s h a p e s ,  I n c .  , 
R o c k l e i g h ,  N ,  J. T h e  g e o m e t r y  of t h e  thermal f a t i g u e  wedge  
s p e c i m e n  ( p r i s m a t i c  ba r  w i t h  s i n g l e - w e d g e  c r o s s - s e c t i o n )  i s  
g i v e n  i n  f i g u r e  1. T h e  round c r o s s - s e c t i o n  t e n s i l e  ba r s  
were m a c h i n e d  t o  s t a n d a r d  6.4 l a m  d i a m e t e r  t h r e a d e d - e n d  
u c i a x i a l  s p e c i m e n s  c o n f o r m i n g  w i t h  ASTH E8 s p e c i f i c a t i o n ,  
The  two t y p e s  of t e s t  ba r s  were cast b o t h  
c o n v e n t i o n a l l y  and  d i r e c t i o n a l l y  s o l i d i f i e d  so t h a t  random 
a n d  d i r e c t i o n a l  p o l y c r y s t a l l i n e  g r a i n  s t r u c t u r e s  were 
o b t a i n e d ,  T h e  DS b a r s  were grown  b y  t h e  e x o t h e r m i c  p r o c e s s  
(refs. 4 a n d  5) s u c h  t h a t  t h e  growth a x i s  a n d  (100) 
c r y s t a l l o  ra  h i c  d i r e c t i o n  were e s s e n t i a l l y  p a r a l l e l  ( O O )  , 
or a t  a 7!O,'15O, o r  30° a n g l e  t o  t h e  ax i s  of t h e  test bar. 
F i g u r e  2 s h o w s  t h e  wax a s s e m b l i e s  f o r  f a b r i c a t i n g  t h e  two 
t y p e s  of DS s p e c i m e n s ,  F i g u r e  3 s h o w s  t h e  t y p i c a l  g r a i n  
p a t t e r n  i n  t h e  o f f - a x i s  DS thermal f a t i g u - e  s p e c i m e n s .  
Heat T r e a t m e n t  a n d  C o a t i n g  
A l l  t e s t  s p e c i m e n s  were h e a t  t reated,  O n l y  h a l f  cf t h e  
thermal  f a t i g u e  s p e c i m e n s  were c o a t e d l .  T h e  s p e c i m e n  h e a t  
t r e a t m e n t  a n d  c o a t i n g  i s  g i v e n  i n  t a b l e  I. T h i s  t a b l e  shows 
t h a t  s p e c i m e n s  t o  b e  t e s t e d  u n c o a t e d  were f i r s t  g i v e n  a 
s i m u l a t e d  c o a t i n g  h e a t  t r e a t m e n t  of 5 h o u r s  a t  1 0 2 4 0  C 
before t h e  a g i n g  t r e a t m e n t  of 20 h o u r s  a t  8710 C w h i c h  was 
g i v e n  t o  a l l  t e s t  s p e c i m e n s ,  The  c o a t i n g  was a ch romium 
e n r i c h e d  p a c k  a l u m i n i d e  d e s i g n a t e d  RT-21 by t h e  v e n d o r .  T h e  
s p e c i f i e d  t h i c k n e s s  was 0.03-0.08 mm, It was a p p l i e d  b y  a 
p r o p r i e t a r y  p r o c e s s  of t h e  Chromalloy Amer ican  C o r p o r a t i o n  
Research a n d  T e c h n o l o g y  D i v i s i o n ,  W. Nyack,  N, Y. 
TEST FACILITY AND PROCEDURE 
T h e r m a l  F a t i g u e  
T h e  thermal  f a t i g u e  t e s t  f a c i l i t y  is shown i n  f i g u r e  4. 
F i g u r e  4 ( a )  is a g e n e r a l  v i e w  w i t h  t h e  b u r n e r  o p e r a t i n g  
w h i l e  f i g u r e  4 ( b )  i s  a c l o s e - u p  v i e w  of the s p e c i m e n s  a n d  
bu rhe r , .  The f a c i l i t y  c o n s i s t e d  of a n  A - 1  j e t  f u e l  b u r n e r  
o p e r a t i n g  a t  Mach 1 v e l o c i t y  m o u n t e d  b e t w e e n  t w o  c o o l i n g  
n o z z l e s .  Two t h e r m a l  f a t i g u e  t e s t  s p e c i m e n s  were mounted  i n  
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a i r - c o o l e d  holders on a s l i d i n g  p l a t f o r m .  The s p e c i m e n s  
were moved i n t o  a n d  out of t h e  bu!:ner a n d  c o o l i n g  streams b y  
a p n e u m a t i c  c y l i n d e r  o p e r a t e d  by  a u t o m a t i c  timers. In t h i s  
manner o n e  s p e c i m e n  was a l v a y s  i n  t h e  b u r n e r  stream e x c e p t  
for t h e  t r a n s f e r  time (less t h a n  1 s e c o n d ) .  T h e  b u r n e r  a n d  
c o o l i n g  streams i m p i n g e d  p e r p e n d i c u l a r  t o  t h e  l e a d i n g  e d g e  
p a r a l l e l  t o  t h e  w i d t h  d i m e n s i o n  of t h e  s p e c i m e n s .  T h e  
s p e c i m e n  t e m p e r a t u r e  was s e r v o - c o n t r o l l e d  u s i n g  t h e  o u t p u t  
from a n  i n f r a r e d  p y r o m e t e r  as t h e  f e e d b a c k  s i g r a l  t o  v a r y  
t h e  f u e l  flow t o  t h e  b u r n e r .  T h e  i n f r a r e d  p y r o m e t e r  v a s  
f o c u s e d  n e a r  t h e  l e a d i n g  e d g e  of t h e  h o t  z o n e  of t h e  
s p e c i m e n ,  
T h e  1 :yc l ing  c o n d i t i o n  for t h e  tests r e p o r t e d  h e r e  was 
a l w a y s  b u r n e r  h e a t i n g  fo r  two m i n u t e s  t o  o b t a i n  a maximum 
t e m p e r a t u r e  o n  t h e  l e a d i n g  e d g e  of 10700 C followed by 
f o r c e d  a i r  c o o l i n g  for an a d d i t i o n a l  two m i n u t e s  t o  o b t a i n  a 
minimum t e m p e r a t u r e  of a b o u t  250 C. The maximum l e a d i n g  
e d g e  t e m p e r a t u r e  was d e t e r m i n e d  by  u s e  of an o p t i c a l  
p y r o m e t e r  w h i c h  was located o u t s i d e  t h e  f a c i l i t y .  The 
i n d i c a t e d  r e a d i n g  of t h e  p y r o m e t e r  was c o r r e c t e d  for  b o t h  
t h e  effect of m e a s u r i n g  t h r o u g h  a g l a s s  window a n d  t h e  
s p e c i m e n  e m i s s i v i t y  b e i n g  l ess  t h a n  u n i t y  (ref,. 6)- 
P r i o r  t o  t e s t i n g ,  t h e  l e a d i n g  e d g e  of a l l  s p e c i m e n s  was 
v i s u a l l y  i n s p e c t e d  by u s i n g  a m i c r o s c o p e  w i t h  a 
m a g n i f i c a t i o n  of 40x so t h a t  c r a c k s  as s m a l l  a s  0.1 om c o u l d  
b e  d e t e c t e d .  After 2 5 ,  50, 100 ,  200, 300, a n d  500 cycles of 
t e s t i n g ,  t h e  s p e c i m e n s  were removed from t h e  h o l d e r s  a n d  
i n s p e c t e d  f o r  cracks-  T h e  number  of cycles t o  crack 
i n i t i a t i o n  was d e f i n e d  a s  t h e  a v e r a g e  c.f t h e  n u m b e r  of 
cycles a t  t h e  l a s t  i n s p e c t i o n  t o  s h o v  n o  c r a c k i n g  a n d  t h e  
number of cycles a t  t h e  f i r s t  i n s p e c t i o n  t o  s h o w  c r a c k i n g .  
T e s t i n g  was c o n t i n u e d  b e y o n d  o b s e r v a t i o n  of i n i t i a l  c r a c k i n g  
t o  a maximum of 500 cycles.  Q u a d r u p l i c a t e  u n c o a t e d  a n d  
c o a t e d  thermal f a t i g u e  w e d g e s  were t e s t e d  a t  e a c h  of t h e  
f i v e  c o n d i t i o n s  s t a d i e d - - D S  p o l y c r y s t a l l i n e  w i t h  t h e  g r o w t h  
a n d  t e s t  ba r  a x e s  a t  a O o ,  7i0, 1S0, or 300  a n g l e  a n d  
c o n v e n t i o n a l l y  c a s t  random p o l y c r y s t a l l i n e , .  
Tensi le  a n d  S t r e s s - R u p t u r e  
U s i n g  s t a n d a r d  6.4 m m  d i a m e t e r  t h r e a d e d - e n d  r o u n d  
c r o s s - s e c t i o n  s p e c i m e n s ,  b o t h  t e n s i  le a nd stress- r u p t  ure 
p r o p e r t i e s  were d e t e r m i n e d  i n  a n  a i r  e n v i r o n m e n t ,  Tests 
were c o n d u c t e d  on u n c o a t e d  cast-to-size b a r s  a t  each of t h e  
f i v e  c o n d i t i o n s  s t u d i e d .  
For e a c h  of t h e  f i v e  c a s t  c o n d i t i o n s  s t u d i e d ,  a s i n g l e  
t e n s i l e  test was p e r f o r m e d  a t  room t e m p e r a t u r e  w h i l e  
d u p l i c a t e  t e n s i l e  tests were p e r f o r m e d  a t  7600 C. The  0.248 
PAGE 5 
y i e l d  s t r e n g t h ,  u l t i m a t e  t e n s i l e  s t r e n g t h ,  e l o n g a t i o n ,  a n d  
r e d u c t i o i i  of area were d e t e r m i n e d , .  I n  a d d i t i o n ,  t h e  m o d u l u s  
of e l a s t i c i t y  was d e t e r m i n e d  from t h e  b e s t  s t r a i g h t  l i n e  
t h r o u g h  t h e  l i n e a r  p o r t i o n  of t h e  s t r e s s - s t r a i n  c u r v e s .  
S t r e s s - r u p t u r e  l i v e s  were d e t e r m i n e d  a t  b o t h  760° C and 
982O C, Q u a d r u p l i c d t e  s t r e s s - r u p t u r e  t e s t s  were performed 
for t h e  f i v e  c a s t  c o n d i t i o n s  s t u d i e d  a t  760° C w i t h  a stress 
l e v e l  of 724 MPa. A s i n g l e  test was p e r f o r m e d  a t  982O C a n d  
a stress l e v e l  of 207 RPa f o r  t h e  c o n v e L t i o n a l l y  c a s t  a n d  
a l i g n e d  ( O O )  d i r e c t i o n a l l y  s o l i d i f i e d  c o n d i t i o n s .  D u p l i c a t e  
tes ts  were p e r f o r m e d  f o r  t h e  n o n a l i g n e d  ( g r o w t h  a n d  s p e c i m e n  
a x e s  a t  a 7a0,  l S O ,  or 30" a n g l e ) .  I n  a d d i t i o n  t o  l i f e ,  t h e  
e l o n g a t i o n  and r e d u c t i o n  of area a re  r e p o r t e d  f o r  a l l  
s t r ess-r u p t  u r e tes t  s. 
. . .. RESULTS u m t . . -  %..u i'. 
OF POOR QUkit'rf 
T h e r m a l  F a t i g u e  
I n d i v i d u a l  t h e r m a l  f a t i g u e  l i v e s  f o r  t h e  u n c o a t e d  a n d  
c o a t e d  s i n g l e - e d g e  wedge Mar-M 247 b a r s  a r e  l i s t e d  i n  t a b l e  
I1 w i t h  t h e  a v e r a g e  of t h e  q u a d r u p l i c a t e  t e s t s  p l o t t e d  i n  
f i g u r e  5, R e p r o d u c i b i l i t y  was g e n e r a l l y  good,  w i t h  f i rs t  
cracks a l w a y s  b e i n g  o b s e r v e d  a t  a d j a c e n t  i n s p e c t i o n  p e r i o d s  
f o r  t h e  q u a d r u p l i c a t e  t e s t s  of a n y  case. T h e r m a l  f a t i g u e  
l i v e s  a r e  r e p o r t e d  a s  t h e  a v e r a g e  o f  t h e  number  of c y c l e s  a t  
t h e  two i n s p e c t i o n s  b e t w e e n  w h i c h  c r a c k i n g  o c c u r r e d .  T h e  
l i v e s  s o  measured i n  t h i s  p r o g r a m  u e r e  a l l  b e t u e e n  12 a n d  
250 cycles. E a c h  c y c l e  c o n s i s t e d  of b u r n e r  h e a t i n g  f o r  two 
m i n u t e s  t o  a maximum l e a d i n g  e d g e  t e m p e r a t u r e  of 10700 C 
fo l lowed by two m i n u t e s  of forced  a i r  c o o l i n g  t o  
a p p r o x i m a t e l y  room t e m p e r a t u r e .  
These  r e s u l t s  s h o w  t h a t  a s  t h e  a n g l e  b e t w e e n  t h e  
s p e c i m e n  l o n g i t u d i n a l  a x i s  a n d  g r o w t h  a x i s  i n c r e a s e d ,  t h e  
thermal  f a t i g u e  l i f e  always d e c r e a s e d ,  for b o t h  t h e  u n c o a t e d  
a n d  c o a t e d  c o n d i t i o n s ,  As a n  e x a m p l e ,  t h e  thermal  f a t i g u e  
l i f e  for t h e  u n c o a t e d  mater ia l  v a r i e d  from 200 c y c l e s  when 
t h e  s p e c i m e n  l o n g i t u d i n a l  a x i s  a n d  g r o w t h  a x i s  c o i n c i d e d  t o  
25 cycles when t h e  axes d i f f e r e d  by a 300 a n g l e a  F o r  coated 
m a t e r i a l  t h i s  v a r i a t i o n  i n  t h e r m a l  f a t i g u e  l i f e  v a s  b e t w e e n  
250 a n d  75 c y c l e s  r e s p e c t i v e l y .  The  r e s u l t s  show t h a t  t h e  
a d d i t i o n  of t h e  c o a t i n g  i n c r e a s e d  the  thermal f a t i g u e  l i f e  
a s  c o m p a r e d  t o  t h a t  for t h e  e q u i v a l e n t  u n c o a t e d  c o n d i t i o n ,  
For t h e  d a t a  r e p o r t e d  h e r e i n ,  a l i f e  i n c r e a s e  of a b o u t  50 
cycles for  t h e  DS c o n d i t i o n s  was a t t r i b u t e d  t o  t h e  c c a t i n g .  
A n o t h e r  resu l t  r e g a r d i n g  t h e  t he rma l  f a t i g u e  l i f e  is  
t h e  c o m p a r i s o n  b e t w e e n  c o n v e n t i o n a l l y  r?st a n d  d i r e c t i o n a l l y  
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s o 1 i d i f i r . d  m a t e r i d l ,  T h e  thermal f a t i g u e  l i f e  of 
c o n v e n t i o n a l l y  cast  s p e c i m e n s  was n e v e r  g r e a t e r  t h a n  t h a t  
f o r  d i r e c t i o n a l l y  s o l i d i f i e d  s p e c i m e n s  for  a l l  t h e  
c o n d i t i o n s  e v a l u a t e d .  However ,  f i g u r e  5 shows  t h a t  t h e  
thermal  f a t i g u e  l i f e  for s p e c i m e n s  w i t h  t h e  l o n g i t u d i n a l  
a x i s  o r i e n t e d  a t  an a n g l e  of  300 t o  t h e  growth a x i s  
a p p r o a c h e d  t h e  l i f e  f o r  c o u v e n t i o n a l l y  cast  s p e c i m e n s ,  F o r  
u n c o a t e d  Har-M 247 t h e  t h e r m a l  f a t i g u e  l i f e  of s p e c i m e n s  
w i t h  t h e  a x e s  s e p a r a t e d  b y  a 30° a n g l e  h a d  a l i f e  of 25 
c y c l e s  while t h a t  for c o n v e n t i o n a l l y  c a s t  m a t e r i a l  was 12 
c y c l e s .  For c o a t e d  mater ia l  t h e  c y c l i c  l i v e s  f o r  t h e  same 
c o n d i t i o n s  were 75 a n d  2 5  c y c l e s ,  r e s p e c t i v e l y ,  
T e n s i l e  a n d  S t r e s s - R u p t u r e  
I n d i v i d u a l  t e n s i l e  a n d  s t r e s s - r u p t u r e  r e s u l t s  from 
u n c o a t e d  6.4 m m  diameter s p e c i m e n s  of Mar-M 247 a r e  l i s t e d  
i n  t a b l e  111. A v e r a g e  t e n s i l e  r e s u l t s  a r e  p l o t t e d  i n  f i g u r e  
6,  T h e  s t r e s s - r u p t u r e  p r o p e r t i e s  a r e  p l o t t e d  i n  f i g u r e  7, 
As shown i n  f i g u r e  6 ( a )  a t  b o t h  t es t  t e m p e r a t u r e s  (room 
a n d  760°  C) for  t h e  DS s p e c i m e n s ,  t h e  u l t i m a t e  a n d  0*2% 
y i e l d  s t r e n g t h s  decreased a s  t h e  a n g l e  b e t w e e n  t h e  s p e c i m e n  
l o n g i t u d i n a l  a x i s  a n d  g r o w t h  a x i s  i n c r e a s e d ,  For e x a m p l e ,  
a t  room t e m p e r a t u r e  t h e  u l t i m a t e  t e n s i l e  s t r e n g t h  was 1065 
MPa when t h e  l o n g i t u d i n a l  a n d  DS g r o w t h  axes were a l i g n e d  
c o m p a r e d  t o  796 MPa when t h e  a x e s  were 30° a p a r t ,  However ,  
l i t t l e  c h a n g e  w a s  o b s e r v e d  i n  t h e  0,2% y i e l d  s t r e n g t h  a t  
a n g l e s  y r e a t e r  t h a n  7i0, T h i s  is s imi l a r  t o  t h e  r e s u l t s  
shown i n  r e f e r e n c e  7 for h a f n i u m  modif ied DS Mar-M 200, The  
m o d u l u s  of e l a s t i c i t y ,  on t h e  o t h e r  h a n d ,  a t  b o t h  test  
t e m p e r a t u r e s  i n c r e a s e d  a s  t h e  a n g l e  b e t w e e n  t h e  s p e c i m e n  
l o n g i t u d i n a l  a x i s  a n d  g r o w t h  a x i s  i n c r e a s e d ,  T h e  m o d u l u s  of 
e l a s t i c i t y  was a l w a y s  l e s s  f o r  t h e  DS s p e c i m e n s  t h a n  f o r  
t h o s e  t h a t  were c o n v e n t i o n a l l y  cast, when t h e  axes  d i f f e r e d '  
b y  30'8 t h e  modu lus  of e l a s t i c i t y  a p p r o a c h e d  t h a t  o b s e r v e d  
f o r  t h e  random p o l y c r y s t a l l i n e  c o n d i t i o n ,  As a n  e x a m p l e ,  a t  
760° C t h e  a v e r a g e  m o d u l u s  of e l a s t i c i t y  f o r  t h e  r andom 
p o l y c r y s t a l l i n e  m a t o r i a i  was 172 GPa, w h e r e a s  for t h e  case 
w i t h  a 30° a n g l e  b e t w e e n  s p e c i m e n  l o n g i t u d i n a l  a n d  g r o w t h  
axes, i t  was 162 GPa, S i m i l a r l y  f o r  room t e m p e r a t u r e  t h e  
results were 241 G P a  c o m p a r e d  t o  222 GPa, S imi l a r  b e h a v i o r  
i s  shown i n  r e f e r e n c e  7 for h a f n i u m  modif ied DS Elar-H 200 
w i t h  t h e  maximum modi i lus  of e l a s t i c i t y  o c c u r r i n g  when 
s p e c i m e n  l o n g i t u d i n a l  a u d  DS g r o w t h  axes  d i f f e r  by 45O. 
R e p r o d u c i b i l i t y  between t h e  d u p l i c a t e  t e s t s  a t  7600 C was 
g e n e r a l l y  good w i t h  t h e  g r e a t e s t  v a r i a t i o n  b e i n g  o b s e r v e d  i n  
t h e  r e d u c t i o n  of a r e a  r e s u l t s .  
T h e  s t r e s s - r u p t u r e  l i v e s  shown i n  f i g u r e  7 a r e  
p r e s e r i t e d  on  t h e  basis of a g e o m e t r i c  r a t h e r  t h a n  a n  
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arithmetic a v e r a g e ,  The g e o m e t r i c  a v e r a g e  is t h e  a n t i l o g  of 
t h e  a r i t h m e t i c  a v e r a g e  of t h e  l o g  of t h e  r u p t u r e  l i v e s .  The  
l i m i t e d  s t r e s s - r u p t u r e  results shown i n  f i g u r e  7 show t h a t  
a t  982O C a n d  207 HPa t h e  l i f e  a p p e a r e d  t o  be i n d e p e n d e n t  o f  
t h e  DS g r o w t h  a n g l e  r e s u l t i n g  i n  an g e o m e t r i c  a v e r a g e  l i f e  
of a b o u t  86 h o u r s .  T h e  l i f e  of t h e  c o n v e n t i o n a l l y  cas t  
a l loy  a t  t h e s e  c o n d i t i o n s  was 71  h o u r s .  A t  t h e  o t h e r  test 
c o n d i t i o n  ( 7 6 0 O  C a n d  721, MPa) t h e  d a t a  scat ter  g i v e s  
r e s u l t s  w h i c h  a p p e a r  i n c o n c l u s i v e  e x c e p t  t h a t  t h e  g e o m e t r i c  
a v e r a g e  l i f e  of t h e  c o n v e n t i o n a l l y  c a s t  a l l o y  is a g a i n  l e s s  
t h a n  t h a t  for t h e  d i r e c t i o n a l l y  s o l i d i f i e d  cases. B o t h  t h e  
r u p t u r e  e l o n g a t i o n  a n d  r e d u c t i o n  of area (DS a l w a y s  g r e a t e r  
t h a n  c o n v e n t i o n a l l y  cast)  a p p e a r e d  t o  decrease s l i g h t l y  w i t h  
an  i n c r e a s e  i n  t h e  a n g l e  b e t u e e n  t h e  s p e c i m e n  l o n g i t u d i n a l  
a n d  g r o w t h  axes. The DS material a l w a y s  h a d  b e t t e r  r u p t u r e  
d u c t i l i t y  t h a n  c o n v e n t i o n a l l y  c a s t  material. 
M e t a l l o g r a p h y  
P h o t o g r a p h s  of t h e  l e a d i n g  e d g e  of a t y p i c a l  u n c o a  
s p e c i m e n  a t  e a c h  of the f o u r  DS c o n d i t i o n s  are p r o v i d e d  in 
f i g u r e  81. For Oo a n d  7 k O  t h e  p h o t o g r a p h s  were t a k e n  a f t e r  
500 t es t  c y c l e s  w h i l e  f o r  t h e  o t h e r  two a n g l e s  t!ie 
p h o t o g r a p h s  were t a k e n  a f t e r  300 test cycles. T h i s  f i g u r e  
s h o w s  t h a t  t h e  c r a c k  g r o w t h  was t r a n s g r a n u l a r  ( p e r p e n d i c u l a r  
t o  t h e  l e a d i n g  e d g e ) .  T h e  cracks d i d  n o t  i n i t i a t e  a t  t h e  
l o c a t i o n  w h e r e  t h e  DS g r a i n  b o u n d a r y  i n t e r s e c t e d  t h e  
s p e c i m e n  l e a d i n g  e d g e .  
A d d i t i o n a l  p h o t o g r a p h s  of two u n c o a t e d  w e d g e s  a f t e r  300 
t e s t  cycles a re  g i v e n  i n  f i g u r e  9-  Each wedge s p e c i m e n  is 
shown a s  t e s t e d  a n d  i n  t h e  e t c h e d  c o n d i t i o n ,  The e tchant  
used was h y d r o c h l o r i c  a c i d / h y d r o g e n  p e r o x i d e .  F i g u r e s  9 (a) 
a n d  9 ( b )  show a random . o l y c r y s t a l l i n e  s p e c i m e n .  Note the 
i n t e r g r a n u l a r  n a t u r e  of t h e  c r a c k h g .  F i g u r e s  9 ( c )  a n d  9(d) 
show t h e  cracks i n  a s p e c i m e n  where t h e  s p e f i m e n  
l o n g i t u d i n a l  a n d  DS g r o w t h  a x e s  d i f f e r  by  7 2 O .  Note how t h e  
l a r g e  c r a c k  p r o p a g a t e d  t o  t h e  g r a i n  b o u n d a r y  a n d  t h e n  a l o n g  
t h e  b o u n d a r y  f o r  a s h o r t  d i s t a n c e  b e f o r e  c o n t i n u i n g  t o  
p r o p a g a t e  a g a i n  p a r a l l e l  t o  its i n i t i a l  d i r e c t i o n ,  Also, 
n o t e  t h e  c o n s i d e r a b l y  less  c r a c k i n g  o b s e r v e d  i n  t h e  DS 
s p e c i m e n  a s  compared  t o  t h e  random p o l y c r y s t a l l i n e  s p e c i m e n  
a f t e r  an i d e n t i c i ,  number  of c y c l e s  (300). 
s p e c i m e n s  was also performed. .  T h e  fractures a p p e a r e d  t o  b e  
t r a n s g r a n u l a r  a n d  c o u l d  n o t  be r e l a t e d  t o  i n t e r s e c t i o n s  of 
DS g r a i n  b o u n d a r i e s  w i t h  t h e  s p e c i m e n  s u r f a c e ,  
E x a m i n a t i o n  of f a i l e d  t e n s i l e  a n d  760° C s t r e s s - r u p t u r e  
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DISCUSSION 
P r e v i o u s  research (ref, 2) fo r  o t h e r  n i c k e l - b a s e  a l l o y s  
i n d i c a t e d  t h a t  d i r e c t i o n a l l y  s o l i d i f i e d  p o l y c r y s t a l l i n e  
mater ia ls  had s u p e r i o r  t h e r m a l  f a t i g u e  r e s i s t a n c e  c o m p a r e d  
t o  t h e  r andom p o l y c r y s t a l l i n e  form of  t h e  same a l l o y .  T h i s  
was a t t r i b u t e d  t o  t h e  lower m o d u l u s  of e l a s t i c i t y  a n d  
a b s e n c e  of t r a n s v e r s e  g r a i n  b o u n d a r i e s  i n  t h e  DS a l l o y  a s  
c o m p a r e d  t o  t h e  c o n v e n t i o n a l l y  c a s t  a l l o y ,  T h i s  
i n t e r p r e t a t i o n  is c o n s i s t e n t  w i t h  t h e  f a c t  t h a t  t h e  t h e r m a l  
s t r a i n  is e q u a l  t o  t h e  p r o d u c t  of t h e  coef f ic ien t  of t h e r m a l  
e x p a n s i o n  a n d  t h e  t e m p e r a t u r e  d i f f e r e n c e ,  It  is g e n e r a l l y  
a c c e p t e d  t h a t  t h e  c o e f f i c i e n t  of t h e r m a l  e x p a n s i o n  f o r  c u b i c  
metals is i n d e p e n d e n t  of g r a i n  s t r u c t u r e ,  b e i n g  d e p e n d e n t  
o n l y  on c o m p o s i t i o n .  T h e  t h e r m a l  f a t i g u e  tests r e p o r t e d  
h e r e i n  were d e s i g n e d  so t h a t  a l l  s p e c i m e n s  e x p e r i e n c e d  
i d e n t i c a l  thermal e x c u r s i o n s .  T h e r e f o r e ,  i n  t h e s e  tests 
u s i n g  s p e c i m e n s  of t h e  same g e o m e t r y  a n d  c o m p o s i t i o n ,  a s  
well as a n  i d e n t i c a l  t e s t  c o n d i t i o n ,  t h e  t o t a l  l e a d i n g  edge  
s t r a i n r a n g e  f o r  a l l  cases was c o n s t a n t .  Comparing s p e c i m e n s  
w i t h  d i f f e r e n t  m o d u l i  of e l a s t i c i t y ,  t h e  lower t h e  m o d u l u s  
of e l a s t i c i t y ,  t h e  greater  t h e  e las t ic  a n d  t h e  smaller t h e  
p l a s t i c  s t r a i n  c o m p o n e n t s ,  w h i c h  results i n  g r e a t e r  t h e r m a l  
f a t i g u e  l ife,  
The  r e su l t s  of t h e  p r e s e n t  r e s e a r c h  v e r i f y  t h i s  
o b s e r v a t i o n  f o r  t h e  c o m p a r i s o n  b e t w e e n  c o n v e n t i o n a l l y  cast  
a n d  a l i g n e d  DS material, a s  well as f o r  t h e  n o n a l i g n e d  DS 
material. For e x a m p l e ,  t h e  t h e r m a l  f a t i g u e  l i f e  of u n c o a t e d  
a l i g n e d  d i r e c t i o n a l l y  s o l i a i f i e d  Mar-! 247 a l l o y  was a b o u t  
16 times (200 cycles c o m p a r e d  t o  12 c y c l e s )  t h a t  o f  t h e  
u n c o a t e d  random p o l y c r y s t a l l i n e  form w h i l e  t h e  7600 C 
m o d u l u s  of e l a s t i c i t y  of t h e  a l i g n e d  DS a l l o y  was 60% (103 
GPa c o m p a r e d  t o  172 GPa) of t h a t  of t h e  random 
p o l y c r y s t a l l i n e  form, I n  a d d i t i o n ,  a s  t h e  a n g l e  b e t w e e n  t h e  
l o n g i t u d i n a l  a n d  DS g r o w t h  axes i n c r e a s e d  f o r  t h e  DS 
material ,  it was a g a i n  o b s e r v e d  t h a t  t h e  t h e r m a l  f a t i g u e  
l i f e  d e c r e a s e d  w h i l e  t h e  m o d u l u s  of e l a s t i c i ty  i n c r e a s e d ,  
For axes  s e p a r a t e d  by 30°, t h e  t h e r m a l  f a t i g u e  l i f e  h a d  
d e c r e a s e d  almost t o  t h a t  o b s e r v e d  f o r  c o n v e n t i o n a l l y  cast  
m a t e r i a l  w h i l e  t h e  modl t lus  of e l a s t i c i t y  h a d  i n c r e a s e d  
almost t o  t h a t  of t h e  c o n v e n t i o n a l l y  cast material. For t h e  
c o n v e n t i o n a l l y  a n d  DS cas t  material, n o  s i n g l e  m e c h a n i c a l  
p r o p e r t y  o t h e r  t h a n  m o d u l u s  of e l a s t i c i t y  s h o w e d  a clear 
c o r r e l a t i o n  w i t h  t h e r m a l  f a t i g u e  r e s i s t a n c e ,  
A l .o the r  p o i n t  t o  n o t e  is t h e  e f f e c t  on t h e r m a l  f a t i g u e  
l i t e  of t h e  i n t e r s e c t i o n  of DS g r a i n  b o u n d a r i e s  w i t h  t h e  
l e a d i n g  e d g e  f o r  t h e  n o n a l i g n e d  s p e c i m e n s w  T h e  p h o t o g r a p h s  
of t h e  u n c o a t e d  m a t e r i a l  showed  t h e  c r a c k i n g  i n  t h e  DS 
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s p e c i m e n s  t o  b e  t r a n s g r a i i u l a r ,  For t h e  n o n a l i g n e d  DS 
material ,  t h e  cracks were not o b s e r v e d  t o  i n i t i a t e  a t  t h e  
surface g r a i n  b o u u d a r y  a u d  p r o p a g a t e  for a n y  g r e a t  l e n g t h  
a l o n g  t h e  g r a i n  b o u n d a r y .  Rather t h e y  i n i t i a t e d  a t  t h e  
l e a d i n g  e d g e  a n d  p r o p a g a t e d  almost p e r p e n d i c u l a r  t o  t h e  
l e a d i n g  e d g e  i n t o  t h e  wedge  across  t h e  g r a i n  b o u n d a r i e s .  
c o a t i n g  o n  t h e r m a l  f a t i g u e  l i f e , .  For t h e  n o n a l i g n e d  DS 
s p e c i m e n s ,  i f  c r a c k i n g  i n i t i a t e d  a t  t h e  i n t e r s e c t i o n  of a DS 
g r a i n  b o u n d a r y  w i t h  t h e  l e a d i n g  e d g e ,  i t  wou ld  be e x p e c t e d  
t h a t  c o a t i n g  would  h a v e  i m p r o v e d  t h e  t h e r m a l  f a t i g u e  l i f e  so 
t h a t  a l l  coated n o n a l i g n e d  s p e c i m e n s  wou ld  h a v e  a b o u t  t h e  
same l i f e  a s  t h e  c o a t e d  DS a l igned  s p e c i m e n s  (250 c y c l e s ) .  
T h i s ,  of c o u r s e ,  was n o t  o b s e r v e d .  T h e  a v e r a g e  thermal 
f a t i g u e  l i f e  of t h e  n o n a l i g n e d  c o a t e d  DS s p e c i m e n s  v a r i e d  
from 175 t o  75 c y c l e s ,  
T h i s  c a n  be f u r t h e r  e m p h a s i z e d  by n o t i n g  t h e  effect  of 
CONCLUDING REMARKS 
T h e  c o m b i n a t i o n  of t e s t  d a t a  a n d  m e t a l l u r g i c a l  
o b s e r v a t i o n s  i n d i c a t e  t h a t  n e n a l i g n m e n t  of t h e  a i r f o i l  
l o n g i t u d i n a l  a x i s  a n d  DS g r o w t h  a x i s  h a s  a more s i g n i f i c a n t  
e f f e c t  on t h e r m a l  f a t i g u e  l i f e  t h a n  d o e s  t h e  i n t e r s e c t i o n  of 
a DS g r a i n  b o u n d a r y  w i t h  t h e  a i r f o i l  l e a d i n g  edge.  T h i s  i s  
b e l i e v e C  t o  b e  d u e  m a i n l y  t o  t h e  e f f e c t  of t h e  m o d u l u s  of 
e l a s t i c i t y  of t h e  material, T h u s ,  i t  was n o t e d  t h a t  a s  t h e  
a n g i e  b e t w e e n  t h e  s p e c i m e n  l o n g i t u d i n a l  a x i s  a n d  g r o w t h  a x i s  
i n c r e a s e d ,  t b e  m o d u l u s  of e l a s t i c i t y  i n c r e a s e d  a n d  t h e  
thermal f a t i g u e  l i f e  d e c r e a s e d .  Hhen t h e  a n g l e  r e a c h e d  30° 
b o t h  t h e  m o d u l u s  of e l a s t i c i t y  a n d  t h e r m a l  f a t i g u e  l i f e  
a p p r o a c h e d  t h a t  of c o n v e n t i o n a l l y  cas t  ( random 
p o l y c r y s t a l l i n e )  material. T h i s  is s imilar  t o  t h e  r e s u l t s  
s h o w n  for t h e r m o m e c h a n i c a l  f a t i g u e  c r a c k  g r o w t h  ra tes  i n  
r e f e r e n c e  7. The  crack g r o w t h  ra te  f o r  p r e - c r a c k e d  material 
i n  t h a t  i n v e s t i g a t - o n  was shown t o  be e q u a l  f o r  
c o n v e n t i o n a l l y  cast  a n d  450 o f  f - a x i s  DS material,. 
Furthermore,  n o n e  of t h e  o t h e r  m e c h a n i c a l  p r o p e r t i e s  
m e a s u r e d  showed  a c o r r e l a t i o n  with t h e r m a l  f a t i g u e  l i f e k  
T h i s  i n v e s t i g a t i o n  s u g g e s t s  t h a t  t h e  r e j e c t i o n  c r i t e r i a  
a p p l i c a b l e  t o  DS c a s t i n g  o f  g a s  t u r b i n e  a i r f o i l s  which  
c o n c e r n s  t h e  i n t e r s e c t i o n  o f  DS g r a i n  b o u n d a r i e s  w i t h  t h e  
l e a d i n g  dnd  t r a i l i n g  e d g e  of  t h e  a i r f o i l  s h o u l d  be 
r e e x a a i n e d .  I f  t h e  m a j o r i t y  of t h e  DS g r a i n s  a r e  a l i g n e d  i n  
t h e  low m o d u l u s  of e l a s t i c i t y  d i r e c t i o n ,  i n t e r s e c t i o n  of a 
DS g r a i n  b o u n d a r y  w i t h  t h e  l e a d i n g  or t r a i l i n g  e d g e  of a n  
a i r f o i l  would p r o b a b l y  n o t  be  d e t r i m e n t a l  t o  p e r f o r m a n c e .  
I t  s h o u l d  b e  e m p h a s i z e d ,  however ,  t h a t  t h e  resu l t s  of t h e  
p r e s e n t  i n v e s t i g a t i o n ,  when c o n s i d e r e d  i n  c o n j u n c t i o n  w i t h  
t h e  results o f  r e f e r e n c e  7, c l e a r l y  show t h a t  t o  o b t a i n  
mdximum t h e r m a l  f a t i g u e  and  low cycle f a t i g u e  r e s i s t a n c e ,  
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t h e  low m o d u l u s  d i r e c t i o n  ( t100 ) )  m u s t  c o i n c i d e  w i t h  t h e  
a i r i o i l  l o n g i t u d i n a l  axis. 
S U H n A R Y  Of RESULTS 
The e f fec t  of o f f - d x i s  g r a i n  g r o w t h  o n  thermal f a t i g u e  
r e s i s t a n c e  was d e t e r m i n e d  for u n c o a t e d  a n d  p a c k  a l u m i n i d e  
coated d i r e c t i o n a l l y  s o l i d i f i e d  ( D S )  tlar-M 247 a l l o y -  DS 
Har-M 247 s i n g l e - w e d g e  s h a p e d  b a r s  were grown b y  t h e  
exothermic p r o c e s s  such t h a t  t h e  growth  a x i s  ( a n d  < l o o > )  was 
e s s c n t i a l l y  p a r a l l e l ,  or a t  a 7k0, 150, o r  300 a n g l e  t o  t h e  
l o n g i t u d i n a l  a x i s  of t h e  t e s t  bar. DS a n d  c o n v e n t i o n a l l y  
ca s t  b a r s  w h i c h  were both u n c o a t e d  a n d  coated were c y c l e d  i n  
a h i g h  v e l o c i t y  (Mach 1) b u r n e r  r i g  r e s u l t i n g  i n  metal 
t e m p e r a t u r e s  of 10700 C arid room t e m p e r a t u r e .  P e r i o d i c  
i n s p e c t i o n s  for  o n s e t  or ci c k i n g  were made, L i m i t e d  
t e n s i l e  a n d  s t r e s s - r u p t u r e  t e s t s  of u n c o a t e d  DS a n d  
c o n v e n t i o n a l l y  cast  - t o- s i z e  s p e c i m e n s  were a l s  o pe  rf ormed, 
Hajor results a r e  a s  follows: 
1, As t h e  a n g l e  b e t w e e n  t h e  s p e c i m e n  l o n g i t u d i n a l  a x i s  a n d  
g r o w t h  ax is  i n c r e a s e d  from O o  t o  30°, t h e  therinal f a t i g u e  
l i f e  a l w a y s  d e c r e a s e d  for b o t h  t h e  u n c o a t e d  a n d  coa ted  
c o n d i t i o n s .  For  e x a m p l e ,  t h e  t h e r m a l  f a t i g u e  l i f e  for t h e  
u n c o a t e d  material was e i g h t  times greater When t h e  s p e c i m e n  
l o n g i t u d i n a l  a x i s  a n d  5rowth a x i s  c o i n c i d e d  a s  c o m p a r e d  t o  
t h e  l i f e  when t h e  a x e s  d i f f e r e d  by 300, 
2. Presence of t h e  a l u m i n i d e  c o a t i n g  a l w a y s  i n c r e a s e d  
t h e r m a l  f a t i g u e  l i f e  a s  c o m p a r e d  t o  t h a t  f o r  t h e  e q u . i v a l e n t  
u n c o a t e d  c o n d i t i o n .  L i f e  i n c r e a s e s  of a b o u t  50 cyc1t::s for 
t h e  DS c o n d i t i o n s  were i t t r i b u t e d  t o  c o a t i n g .  
3.. The thermal f a t i g u e  l i f e  of d i r e c t i o n a l l y  s o l i d i f i e d  
s p e c i m e n s  was n e v e r  less t h a n  t h a t  for c o n v e n t i o n a l l y  c a s t  
s p e c i m e n s  f o r  a l l  c o n d i t i o n s  e v a l u a t e d .  However ,  t h e  
thetma: f a t i g u e  l i f e  for s p e c i m e n s  w i t h  t h e  g r o w t h  axis 
o r i e n t e d  300 t o  t h e  l o n g i t u d i n a l  a x i s  a p p r o a c h e d  t h e  l i f e  
f o r  c o n v e n t i o n a l l y  cast  s p e c i m e n s ,  
4, M e t a l l u r g i c a l  e x a m i n a t i o n  r e v e a l e d  t h a t  t h e  i n i t i a l  
thermal  f a t i g u e  c r a c k i n g  i n  a l l  of t h e  DS Mat-n 247 
s p e c i m e n s  uas t r a n s g r a n u l a r  a n d  d i d  n o t  o r i g i n a t e  a t  t h e  
i n t e r s e c t i o n  of DS g r a i n  b o u n d a r i e s  w i t h  t h e  l e a d i n g  e d g e  of 
t h e  s p e c i m e n .  T h i s  is i n  c o n t r a s t  t o  t h e  t h e r m a l  f a t i g u e  
c r a c k i n g  i n  t h e  c o n v e n t i o n a l l y  ca s t  s p e c i m e n s  w h i c h  was 
i n t e r g r a n u l a r .  Room t e m p e r a t u e  t e n s i l e  a s  well a s  7600 C 
tensile> and s t r e s s - r u p t u r e  DS s p e c i m e n s  a l l  f r a c t u r e d  i n  a 
t r a n s g r a n u l a r  mode. 
5. lor. t h e  DS Mar-M 247 s p e c i m e n s ,  t h e  u l t i m a t e  t e n s i l e  
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s t r e n g t h  d e c r e a s e d  a s  the a n g l e  b e t w e e n  t h e  s p e c i m e n  
l o n g i t u d i n a l  a x i s  and  growth a x t s  i n c r e a s e d .  The 0.2% yield 
s t r e n g t h  d e c r e a s e d  from 00 t o  7 2 0  a n d  t h e n  r e m a i n e d  
e s s e n t i a l l y  c o n s t a n t  t h r o u g h  30°. The modlilus of e l a s t i c i t y  
i n c r e a s e d  a s  t h i s  a n g l e  i n c r e a s e d .  F o r  an a n g l e  of 300 t h e  
m o d u l u s  was o n l y  s l i g h t l y  lower t h a n  t h a t  o b s e r v e d  i n  t h e  
c o n v e n t i o n a l l y  cast c o n d i t i o n .  
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